This paper presents an investigation into remediation of an anthracene-contaminated clay soil through experimental tests. Samples were prepared of uncontaminated and contaminated soil-cement with 20 and 30% cement. Unconfined compression tests (UCT) were conducted on the natural soil and soil contaminated with anthracene. In addition, similar tests were carried out on uncontaminated and contaminated soil-cement at different curing times. Leaching tests were also conducted on contaminated soil and 
Introduction
A contaminant can be generally described as a chemical element, ion or compound that has the ability to pose an immediate or long-term threat to human health or the environment, mainly as a result of its toxic properties. Contaminants can be divided into two groups, organic and inorganic contaminants. Many organic compounds originate from crude oil. The components of crude oil must be partially separated by distillation and if necessary modified prior to being useful. Many types of organic contaminants can result from this process and can be found polluting the environment due to leakage from underground or aboveground storage tanks and accidental spills.
When soils are contaminated with chemical compounds they are absorbed or trapped within the soil and soil pore. These actions are influenced by factors such as particle size, bonding characteristics between particles and ion exchange capacity of soil particles. The arrangement of clay particles in a mass of soil is termed fabric. The fabric has significant effect on the behavior of soils. It is generally accepted that the clay soils have micro and macro fabrics. The role of micro fabric in physical and chemical interaction of clay soil with contaminating substance is more than that of the macro fabric. Micro fabrics exist between platelets or between platelets and independent unit layers of clay soil. Lagaly et al. (2006) stated that the organic molecules can intercalate into the interlayer space of clay minerals and the intercalated guest molecules can be displaced by other suitable molecules. The interlayer cations can be exchanged by various types of organic cations.
With the advent of scanning electron microscopy (SEM) technique significant information about the fabric of soils became available (Collins and McGown, 1974) .
Researchers such as Tremblay et al. (2002) , Botta et al. (2004) , Cai et al. (2006) and Estabragh et al. (2016) used SEM technique for description of soil under different conditions (contaminated, mixed with cement, etc.)
The penetration of contaminant components from soil into groundwater can cause serious problems. There are several techniques for treatment of contaminated soils including physical, biological and chemical techniques. Stabilization and solidification (S-S) is one of the chemical techniques that is used for treating contaminants (Bishop, 1990) .
Stabilization refers to the fixation of a contaminant to the chemical structure of a soil material whilst solidification refers to the cementation of the soil material due to the addition of a solidification reagent such as lime, or cement. This process is responsible for lowering the soil permeability which results in reduction of contaminants and enhancement of the soil strength (Chen, 2009) . Therefore, this method prevents from contaminant transport to groundwater, reduces the mobility of the contaminant in soil, or changes the contaminant into a non-toxic form. Wiles (1987) and Leonard and Stegemann (2010) indicated that S-S is one of the most cost effective methods for treating contaminated soils.
Portland cement is commonly utilized as binder in S-S remediation (Liu et al., 2012 and Paria and Yuetl, 2006) . By using cement, heavy metals are converted to stable forms and are entrapped in the solid cementation matrix of the stabilized contaminant soil (Paria and Yuetl, 2006) . Strength, permeability and leaching properties of S-S treated soils have been extensively studied by Yilmaz et al. (2003) , Antemir et al. (2010) , Kogbara and AlTabbaa (2011) and Du et al. (2012) among others. Conner (1993) indicated that S-S with addition of cement-based binders is an established treatment technology for soils contaminated with inorganic compounds whereas relatively limited experience exists for its application to organic compounds, in particular petroleum hydrocarbons. Organic compounds retard the cement setting process and affect the cement hydration by retarding reaction via formation of a protective film around the cement grain, hindering the formation of calcium hydroxide (Chandra and Flodin 1987; Edmeades and Hewlett 1998; Montgomery et al. 1991a; Sora et al. 2002) . Gussoni et al. (2004) conducted experimental tests by proton nuclear magnetic resonance (NMR) imaging to investigate the cementation and hardening of cement in the absence and presence of organic compounds in soil. They found that a considerable delay occurs in the cement hardening when organic matters are present in the soil. Recently there have been some studies on the use of cement for S-S remediation and stabilization of soils contaminated with organic components (Donnelly and Webster; 1996, Bettahar et al.; 1999 and Yilmaz et al.; 2003) . Pollard et al. (1991) indicated that the organic compounds tend to have a detrimental effect on the properties of cement material. Vipulanandan (1995) studied the effect of phenol on the setting of cement and remediation of contaminated soil by using the S-S technique. He showed that phenol retards the initial and final setting times of cement by interfering with normal cement hydration reactions. He also found from experimental tests that the compressive strength of treated contaminated soil decreased with higher phenol content but increased with curing time. Sora et al. (2002) studied the hydration and structure of methanol and 2-mono chloroaniline (2-MCA) and the leaching efficiency of 2-MCA from the dried structure after 28 days. Their results showed that a maximum of 75% of 2-MCA was released in the leachate solution. They indicated that the S-S technique is not suitable for that compound without using any adsorbent. Yilmaz et al. (2003) studied the effect of cement-clay pastes for S-S of 2 chloroaniline. They found that cement is unable to effectively immobilize these substances; organics interfere in a detrimental way with the cement hydration process and they are not firmly bound into the inorganic silicate (matrix of cement paste). Karamalidis and Voudrias (2007) studied the leaching behavior of hydrocarbon from oily refinery sludge samples that were stabilized and solidified with different percentages of cement. They stated that cement added to oily refinery sludge containing alkanes and PAHs led to higher concentration in leachates from batch extraction than were observed prior to S-S treatment. It is resulted from previous research works that the S-S technique based on cement as binder is dependent on the type of organic contaminating compound, the concentration of contaminant, soil and percent of added cement. Karamalidis and Voudrias (2007) conducted stabilization/solidification tests on oil refinery sludge by using two types of cement (Portland cement and blended cements). The amount of cement used was between 10-70% of the weight of sludge. They concluded from the results of leaching tests that, by increasing the percent of the blended cement the concentration of phenathrene was not changed from the initial value (0.005 mg/kg). For the samples with 20% blended cement, the concentration of benzoperylene was nearly trace but there was an increase in the concentration by adding blender until 70% so, at 70% blender the concentration reached to 0.0081 mg/kg. Therefore, the concentration of contaminant is dependent on the type and percent of binder. Vipulanan (1995) carried out leaching tests on samples of soilcement that were contaminated with 400, 1000 and 2000 mg/kg phenol and mixed with 20% cement at curing time of 28 days. He concluded that at a given time, the percent recovery of phenol for 2000 mg/kg is more than 1000 and 400 mg/kg.
Review of the literature shows that there are a number of research works on the effect of cement on the stabilization and solidification of contaminated soil. The achieved results are not the same; some of them report that using cement as a binder in S-S is useful and the results of some others are opposite. Therefore, the aim of this work is to evaluate the effect of cement on the stabilization and solidification of a clay soil contaminated with anthracene. The choice of this substance in this research was due to the existence of a number of pesticide production factories and plastic industry around the city of Karaj near Tehran that are a source of production of anthracene that has contaminated the ground.
The investigation is comprised of three stages. In the first stage, the mechanical behavior 
Materials and Methods
The main materials that were used in this work were soil, cement and anthracene. The properties of these materials are described in this section.
Soil
The soil that was used in this experimental work was chosen to be a clay soil because the majority of production centers of pesticides and the plastic industry in the study area (Karaj city near Tehran) are founded on clay soil. The soil was obtained from a local seller and it was similar to the soil that the pesticide production factories and plastic industry are founded on it. The used soil was consisted of 23% sand, 52% silt and 25%
clay. The specific gravity of solids (Gs) was 2.71. The liquid limit and plasticity index of the soil were 48.0% and 22.0%. The results of standard compaction tests showed that the maximum dry unit weight and optimum water content of the clay were 17.78 kN/m 3 and 18.0 % respectively. According to the Unified Soil Classification System (USCS), the soil can be classified as clay with low plasticity (CL). XRD (X-ray diffraction) tests were conducted on samples of this soil. Based on the XRD tests the minerals of used soil were quartz, calcite, clay mineral, feldspar (Na, Ca) and fledspar (K). The results also show the clay minerals of this soil were illite, chlorite and montmorillonite. The chemical properties of the soil are summarized in Table 1 .
Cement
Portland cement type 1 was used in this study because of the frequency of its use and its relatively low cost and high availability. Other researchers such as Vipulanandan (1995) used Portland cement type 1 for stabilization and solidification a soil contaminated with phenol. The specific gravity and Blaine fineness of it were 3.15 and 4100 cm 3 /g. Table 2 shows the physical and mechanical properties of the cement.
Anthracene
Anthracene is from a group of chemicals called polycyclic aromatic hydrocarbons (PAHs). Polycyclic aromatic hydrocarbons (PAHs) belong to the group of persistent organic pollutants which are relatively resistant to biodegradation and can remain in the environment for a long time (Maliszewska-Kordybach, 1999; Wild and Jones, 1995) .
PAHs present in soils may exhibit a toxic activity towards different biological elements of the environment such as plants, microorganisms and invertebrates (Jensen and FolkerHansen, 1995; Ren et al., 1996; Smreczak and Maliszewska-Kordybach, 1999; Maliszewska-Kordybach et al., 2000; Turek-Szytow, 2000 and Sverdrup, 2001 ). 
Sample preparation
For preparing contaminated soil with anthracene the desired weight of soil was spiked with anthracene at concentration of 1200 mg/kg. Other researchers such as Chi et al. (2010 ) and Delgado-Balbuena et al. (2013 used 200 and 500 mg/kg in their works. In this work it was decided to use 1200 mg/kg anthracene in order to better highlight its effects on the behavior of soil and soil-cement. Since its solubility in water is very low and it is completely dissolved in acetone (Eibes et al., 2005) therefore the mixture of acetone anthracene (10 g anthracene per one liter acetone) was subsequently mixed with the measured amount of soil. The soil-acetone-anthracene mixture was placed in a tray for nearly one week until the acetone completely evaporated and contaminated soil was dry. Static compaction was used for preparing the samples. Compaction was done in a special mould by applying a static pressure, using a loading machine. The dimensions of the mould used for preparing the samples for unconfined compression tests were 50 mm diameter and 100 mm length with detachable collars at both ends. For preparing different samples for unconfined compression tests, natural soil, contaminated soil, cement and water were weighted with accuracy of 0.1 g. They were mixed with an amount of water corresponding to optimum water content. Samples were prepared by static compaction of the moist soil in the mould in three layers. Each layer was compacted to a defined vertical load at a fixed displacement rate of 1.5 mm/min until the corresponding maximum dry unit weight due to compaction curve was achieved. The vertical load was the same for each layer but its value was dependent on the kinds of materials that were used for establishing the compaction curve. The load for each layer of materials was determined by trial and error. Before placing the next layer, the surface of the compacted layer was scarified so that there was good bond between adjacent layers of soil. The uncontaminated and contaminated soil-cement samples were stored in a curing cabinet at constant temperature and relative humidity according to the ASTM D1632-07 standard for curing times of 3, 7, 14 and 28 days.
Experimental tests
The effectiveness of the treatments was assessed based on the unconfined compressive strength and leachability of contaminated samples.
Unconfined compression tests were performed on the prepared samples according to the ASTM D1633-07 standard. The rate of loading was selected as 1mm/min (as used by many researchers such as Kumar et al. 2007 and Estabragh et al. 2012 for mixtures of fly ash with clay and soil-cement respectively). The applied load was recorded continuously and the test was continued until failure of the sample was attained and the compressive strength of the sample was determined.
Leaching tests was conducted on the grounded contaminated soil and contaminated soilcement according to the USEPA (1992-1310b) method. Cylindrical samples of contaminated soil and contaminated soil-cement at desired curing time were grounded to the fine particles and deionized water was added to the grounded samples with the ratio of 16:1. The mixture was placed in an extractor and agitation was carried out for 24 hours.
After that the mixture was put on a flat table until the settlement of particles was complete and the solid phase was separated from the liquid phase. The liquid phase was filtered through a 0.45 µm membrane to remove suspended particles. The filtered liquid was then used for determination the amount of anthracene. HPLC (High-Performance Liquid Chromatography) apparatus was used for analysis of the liquid phase. It was a modular Shimadzu LC-10 system comprising of an LC-10AD pump, a CTO-10A column oven, a SPD-10A UV-DAD detector with wavelength of 274 nm, a FLD detector, a CBM-10A interface and an LC-10 workstation. The HPLC apparatus was calibrated using external standards prior to performing the chemical analyses. A standard pure compound was injected to the apparatus and the peak in the chromatogram was assigned based on the retention time of the standard. The peak areas or heights are used to determine the concentration of released contamination from the sample. Comparing the response of the unknown concentration to that of the known (standard) concentration is used to find the amount of concentration in the released leaching liquid.
Scanning electron microscopy (SEM) tests were performed on the samples in order to observe the microstructure of the samples in different conditions. The samples were prepared according to the optimum water content and maximum dry unit weight. A curing time of 7 days was considered for the samples of soil-cement and the cementtreated contaminated soil. The stress-strain curves for the natural soil, contaminated soil, uncontaminated soilcement and contaminated soil-cement at curing time of 7 days are shown in Fig.2 . The results show that the final strength of the natural soil is 392.7 kPa at 2.16% strain and for the contaminated soil they are changed to 164.35 kPa at 2.9% strain. It is observed from Fig.2 so the failure of the natural soil is at 2.1% strain but that of the contaminated sample is at 2.9% strain. Comparison of these strains shows that the ductility of the contaminated soil is higher than the natural soil. The results for the uncontaminated soilcement with 20% and 30% cement (Fig.2) show that the final strengths of the samples with 20% and 30% cement are 3510.8 and 3954.1 kPa respectively. It is resulted that strength is increased in comparison with the natural soil and this increase is dependent on the percent of cement; the higher the percent of cement, the greater is the strength achieved. These results also show that by adding cement to the soil its brittle behavior is increased. The stress-strain curves of the contaminated soil-cement at 7 days curing time are shown in Fig.2 . As shown in this figure the final strengths of the samples with 20%
Results

Fig
and 30% cement are 1957.4 and 2904.3 kPa at strains of 1.34 and 1.2% respectively.
Therefore, adding cement to the contaminated soil increases the strength and reduces the ductility of the samples in comparison with the contaminated soil. resulted that if this leaching liquid enters the soil, the contaminated soil would not be harmful to the environment.
Discussion
Clay particle surfaces carry negative charges (Mitchell and Soga, 2005 and Craig, 2004) .
They attract cations in order to neutralize the unbalanced negative charges between the surfaces of clay particles. The cations are adsorbed onto the clay surface and held by a strong and tight bond. In addition, to these cations, there are some charges (cations and anions) that are produced from solution of different precipitated salts between particles (Mitchell and Soga, 2005) . Water and soil interact with each other due to the polarity of molecules of water. The interaction is through sorption of molecules of water to the surface of particles. These interactions affect the physical and physicochemical behavior of the mixture. When water is added to dry clay particles these ions (cation and anions) go to solution. The desorbed cations have a tendency to diffuse away from the surface of particles to attain an equalized concentration. This displacement of cations is prevented by the negative electric field of the surface of clay particles. This leads to the formation of a liquid layer that is composed of ion distribution in suspension in the vicinity and around clay particles. The concentration of ions is reduced with increasing the distance from particle surface until it obtains the behavior similar to bulk water. This system that consists of distributed ions along with charge surface is called Diffuse Double Layer (DDL) (Craig, 2004) . The thickness of DDL is dependent on the electrolyte concentration, cation valence, dielectric constant, temperature, size of ions, pH, clay platelet associations and particle interference. Using the DDL theory, the effect of factors such as cation valance, dielectric constant, electrolyte concentration and temperature on the thickness of DDL can be readily be determined (Mitchell and Soga, 2005 (Craig, 2004) . The quantity of exchangeable cations held by the soil is termed the cation-exchange capacity (CEC) (Mitchell and Soga, 2005) . The substitution of one type of cation by another type depends on many factors including valence and ion size.
The structure of soil is changed with the variations in the thickness of DDL, so, shrinking of this layer causes a flocculated structure in the soil (Mitchell and Soga 2005 , Ratnaweera and Megooda 2006 and Estabragh et al. 2016 ). Fang (1997) indicated that chemical reactions between contaminants and soil are dependent on the phase of the compound, speciation, mineralogy, pH and organic content.
Understanding the interaction between soil and contaminants is a guide for assessing the influence on human life and environment (Jone, 2010) . This information is important for choosing the best method for in-situ remediation of soil. Bone et al. (2004) stated that the main reactions between contaminants, pore water and soil occur through chemical reactions including sorption, oxidation, reduction, precipitation, etc. Sorption is the primary mechanism for partitioning of solutes between the liquid phase and solid particle interfaces (Jone, 2010) . The interaction forces in sorption are chemical forces such as covalent and electrostatic forces. The adsorption of contaminant to the soil particles is termed surficial attachment (Yong, 2001) . Adsorption is divided into physical and chemical groups. Physical adsorption is defined as contaminant in pore water being attached to the soil particle surface due to the charge deficiency. Physical adsorption is due to the van der Waals forces and is know as low energy adsorption (Jone, 2010).
Chemical adsorption or chemisorption refers to specific adsorption and occurs through covalent bonding. The nature of chemical adsorption is such that higher adsorption energies are obtained in these reactions. Lagaly (1984) stated that the interaction between organic matter and clay is due to penetration of organic matter between silicate layers of clay soil. He indicated that the adsorption of organic compounds onto the clay particle surfaces depends on the availability of the surface, ability of organic molecule to displace water molecules to clay surface by van der Waals forces and intercalation. The chemical adsorption makes strong and permanent bonds between clay surface and organic contaminant that is stronger than physical adsorption. The important factors that affect adsorption of organic matters by soil particles are the nature of the functional group in the molecule, shape, size, configuration, polarity and water solubility (Mitchell and Soga, 2005) . However, the interaction between clay and organic compound is important in Geotechnical and Geoenvironmental Engineering because of migration of contaminant.
Various PHCs (Petroleum Hydrocarbon Compounds) such as anthracene are primarily formed by non-polar organic compounds with low dipole moments (generally less than one) and constant dielectric less than three (2.35). Adsorption of non-ionic organic compounds by soil fractions is governed by the CH activity of molecule (Yong, 2001 ). The results of compaction curve ( Fig.1) for anthracene-contaminated soil show that its maximum dry unit weight is less and optimum water content is more than the natural soil.
This may be due to the decrease in the thickness of the diffuse double layer that leads to the flocculated structure. Forces of repulsion and attraction act between adjacent clay mineral particles. Repulsion occurs between the like charges of double layers and it is dependent on the characteristics of the layers. An increase in cation valance or concentration will result in a decrease in the value of van der Waals forces that are independent of double layer characteristics. They are decreased with increasing the distance between particles. The net amounts of inter-particle forces influence the structure of the soil. If there are net attraction forces, the orientation of the particles tend to be edge-to-face or edge-to-edge. This form of structure is referred to as flocculated structure (Craig, 2004) . So the degree of flocculation in the anthracene-contaminated soil is more than the natural soil. Since the energy that was used for compaction is the same as the energy that was used for natural soil, it can be said the energy that was used for contaminated soil was enough because of the high degree of flocculation and it resulted in low maximum dry unit weight and high optimum water content in comparison with the natural soil. As shown in Fig.1 , adding 30% cement to the natural soil causes a decrease in optimum water content and an increase in maximum dry unit weight. But the effect of adding 20% cement is not considerable. It can be concluded that adding 30% cement to the soil results in pasting of the particles together and formation of relatively coarse
particles. This in turn causes decrease in optimum water content and increase in maximum dry unit weight. Adding of 20% cement may not be enough for pasting the particles or the bond between the particles would be weaker. linkages between the minerals and the aggregates to form a honeycomb type structure whereby the particles of soil can no longer slide over each other (Chew et al., 2004 ).
Therefore, not only cement reduces the plasticity of soil, but it also increases the strength and reduces the water holding ability of cohesive soils (Tang et al., 2007 and Estabragh et al., 2016 and 2017 . The majority of organic compounds retard or inhibit the setting and curing of the final products in the S-S process. Non-polar organic matters such as oils and grease inhibit the setting of cement in this treatment. Lea (1970) stated that the retarding effect may be due to the non-ionized (OH) group that is adsorbed by bonding to the surface of cement particles. He indicated that the greater the number of OH groups per molecule, the greater is the possibility of adsorption and hydration. Generally polar organics have little effect on setting although some alcohols may retard setting (Conner, 1990) . Therefore, in this case the anthracene, via formation of a protective film around the soil particles, prevents from reaction of some soil particles with hydrated production and hence the strength is reduced in comparison with uncontaminated soil-cement. The decrease in concentration during leaching is dependent on the percent of cement and curing time; for 20% cement the amount of reduction was 7.8, 27.1, 64.7 and 83% for 
